Transactions of the Materials Research Society of Japan 32[1] 209-214 (2007)

In-situ X-ray diffraction study of InAs/GaAs(001) quantum dot
growth
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Molecular beam epitaxial (MBE) growth of InAs/GaAs(001) quantum dots and their an-
nealing after deposition were investigated by grazing-incidence X-ray diffraction using a
diffractometer integrated with an MBE apparatus. Use of synchrotron radiation and a two-
dimensional X-ray detector enabled X-ray diffraction intensity mapping in the reciprocal
lattice space at a rate of less than 10 s per frame. Results suggest that the degree of alloying
that depends on the growth temperature has a strong influence on the structural evolution

during annealing.
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1. INTRODUCTION

In heteroepitaxial growth of lattice-mismatched
systems, strained epitaxial layers are known to be
inherently unstable. Strains accumulated in a two-
dimensional (2D) film are relieved by either forma-
tion of misfit dislocations at the interface or forma-
tion of islands on the surface. From the viewpoint
of technological applications, Stranski Krastanow
(SK) mode observed in a number of semiconduc-
tors, such as InGaAs/GaAs(001) [1], Ge/Si(001) [2],
CdSe/ZnSe(001) [3] and PbSe/PbTe(111) [4], has
attracted intense interest. In this growth mode, 3D
nanometer-gized islands are spontaneously formed
on a few monolayers (ML) of 2D wetting layers. The
3D islands formed in SK growth are dislocation-free
single crystals with a narrow size distribution. Be-
cause these properties are desirable for quantum dot
device applications, much work has been devoted to
understand and control SK island growth. Since SK
growth is a strain-driven process, it is essentially im-
portant to study strain fields inside SK islands. As
growth temperature is raised, alloying takes place
at the interface of heterostructures. It also changes
strain energy and thus may contribute to strain re-
lief at high temperatures.

Recently, several X-ray techniques have been de-
veloped to investigate a variety of structural prop-
erties of quantum dots. The dot shape was in-
vestigated by grazing-incidence small angle scat-
tering [5-7] and intensity mapping in reciprocal
space [8]. The strain distribution inside the dots
was studied by thorough X-ray reciprocal space
mapping [8-11] and by analysis of X-ray diffrac-
tion profiles [12]. The chemical composition in
the dots was analyzed by utilizing X-ray anoma-
lous scattering [13-17] and the structure factor
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of zinc-blende type crystals [8]. More recently,
in-situ X-ray diffraction measurements have been
carried out during InAs/GaAs(001) quantum dot
growth [18,19]. These X-ray techniques are promis-
ing to reveal structural properties including internal
strains and chemical compositions, which cannot
be determined by conventional techniques including
electron diffraction and scanning-probe microscopy.
The focus of the present work is strain evolu-
tion during annealing after deposition of a certain
amount of InAs on GaAs(001). To get insight into
the strain fields inside islands, we employed syn-
chrotron X-ray diffraction. The highly collimated
beam available from a synchrotron light source has
enabled high resolution measurement of the strain
fields. Further, measurement time has been so
shortened with the help of large intensity of syn-
chrotron X-rays that time-resolved measurements
has become possible. We have compared annealing
processes at various temperatures to examine the
influence of alloying which is thermally enhanced.

2. EXPERIMENTAL

Experiments were carried out at a synchrotron
experimental station, BL11XU of SPring-8, us-
ing a surface X-ray diffractometer integrated with
an MBE apparatus [20]. The MBE chamber is
equipped with X-ray windows made of beryllium
along with five evaporation sources and a reflection
high-energy electron diffraction (RHEED) system
so that in situ X-ray diffraction measurements can
be performed during MBE growth.

The samples were cut to a size of 7x5x0.3 mm
from a commercially-supplied epi-ready wafer of
GaAs(001). They were mounted on a molybdenum
block with indium and loaded into the MBE cham-
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Fig. 1: Schematic of X-ray diffraction by a nanois-
land grown on a substrate. The incoming beam,
ko, is diffracted in the in-plane direction by crys-
tallographic planes perpendicular to the substrate
surface. The diffracted beam, k, is detected by an
X-ray CCD camera to measure the intensity distri-
bution along the in-plane 20 and the out-of-plane
oy directions. The intensity of the diffracted beam
is proportional to the wave field at z generated by
interference of the incoming beam, ko, and the re-
flected beam, k.

ber. Following the thermal desorption of surface ox-
ide layers and the growth of a 0.2-pm-thick buffer
layer, the sample was cooled to a temperature for
InAs growth. The As pressure was kept at 2x107°
Torr during deposition of InAs and annealing. The
substrate temperature was measured with an op-
tical pyrometer which had been calibrated at the
melting temperature of aluminum. The 2x4 recon-
struction of the GaAs(001) surface was observed to
change to c(4 x 4) at 480°C.

Figure 1 shows the schematic of the X-ray mea-
surements. X-rays were monochromatized to be
1.24 A by a Si(111) double-crystal system and fo-
cused by a pair of bent Pt-coated mirrors. The fi-
nal beam size was determined by a Ta-blade slit
to be 0.3 mm (horizontal) x 0.1 mm (vertical).
The incident X-rays were diffracted by (220) planes
of the nanoislands and the substrate. Since the
(220) planes are perpendicular to the (001) sur-
face, the momentum transfer is nearly parallel to
the substrate surface. The angular distribution of
the diffracted X-rays was measured with an X-ray
charge coupled device (CCD) camera placed at a
distance of 697.7 mm from the sample. The spa-
tial resolution of the CCD was 0.1367 mm, which
corresponds to the angular resolution of 0.01125°.
The angular acceptance of the detector is limited
to 4.3°by the aperture of an evacuated tube placed
between the detector and the X-ray window. While
the CCD was being exposed, the sample was ro-
tated about the surface normal by 4°at a speed of
1.008°/s. By this method, the projection of the re-
ciprocal space mapping onto the (110) plane was
recorded in a single CCD image. The acquisition

Fig. 2: Typical X-ray CCD image obtained from
SK islands of InAs/GaAs(001). The measure sam-
ple is grown by depositing 2.5 monolayer InAs at a
substrate temperature of 477°C.

time of one frame was 9.6 s, including a readout
time of about 5 s.

3. ANALYSIS

Figure 2 shows a typical X-ray CCD image. The
horizontal axis represents the outgoing angle, o,
which is normalized by the critical angle for to-
tal reflection of X-rays, ac, and the vertical axis
represents the in-plane scattering angle, 26. This
image was obtained from the sample grown at a
substrate temperature of 477°C. The amount of de-
posited InAs was 2.5 monolayers (ML).

Our analytical method is based on the iso-strain
scattering described in Ref. [8]. In this treatment,
a free-standing nanoisland is regarded as a stack-
ing of iso-strain disks in which the in-plane lattice
constant is uniform. Because the self-assembled SK
islands are coherent crystals that are strained to
match the substrate, the lattice constant inside the
islands has a gradient in the vertical direction: the
lattice constant of an iso-strain disk is the same as
the substrate at the bottom of the island and is re-
laxed to be the intrinsic value of InAs near the top.
Such a lattice constant distribution is observed as
difference in 26.

In the framework of the distorted-wave Born ap-
proximation [21,22], the intensity of the diffraction
from an iso-strain disk located at a height of z is
modulated in proportion to the wave field at 2.
When the angle of incidence, ay, is as small as the
angle of the total reflection of X-rays, the interfer-
ence between the incident and reflected waves re-
sults in the wave field expressed as

E .

Flaj,z) =1+ Er exp(2ik 2), (1)
where E; and FE, are the complex amplitudes of
the incident and reflected X-rays, respectively, and
ki = ksin; is the surface normal component of
the wave vector of the incident X-rays. Note that
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Fig. 3: Intensity of the wave field as a function of
the incoming or outgoing angle for different heights
measured from the substrate surface. The position
that gives the maximum intensity is shifted to a
smaller angle with increasing vertical distance from
the substrate.

the amplitude and the phase of E, vary as func-
tions of the incident angle. In fact, the intensity of
the diffracted beam depends on the outgoing angle
as well. The reciprocity theorem in optics states
that the optical phenomenon should be the same
even if the source and observation points are ex-
changed. Owing to this theorem, the diffraction
intensity from the iso-strain disks should be sym-
metric with respect to o; and af. Therefore, the
intensity distribution in the observed CCD image is
given by

126, ar) o |[F(as, 2)[*| Fas, 2)*5(26),  (2)

where 5(20) is the kinematical 26 spectrum which
is directly associated with the lattice constant dis-
tribution of the sample.

Figure 3 shows the calculation of |F'(e,z)|* for
various z. The horizontal axis is normalized by ac.
The wave field formed over the surface is strongly
modulated as a function of the glancing angle and
its functional form depends on z.

There are two features of |F(«, z)|* that will be
exploited in the present work. Firstly, we focus on
the angle giving the intensity maximum. While it
coincides with . for z = 0, the peak position of
|F(c, 2)|? is shifted to a smaller angle with increas-
ing height from the substrate surface. Hence, from
the angle of the maximum intensity, one can es-
timate the height at which the diffraction occurs
and thus can determine the height of SK islands.
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Secondly, |F(o,z)|* approaches to unity with in-
creasing « irrespective of z. This is readily under-
stood from Eq.(1) because the reflected wave, E,
should be zero for &« — oo. Our interest is S(26)
that is directly related to the lattice constant dis-
tribution. To derive S(26) from the measured in-
tensity distribution, 1(26, af), we need to decouple
20 and z in Eq.(2). If we assume that |F(a, 2)|? is
unity at o = 3ac, we obtain 1(20, a;)/1(26,30.) =
|F(au, 2)|? /| F(3ac, 2)|* ~ |F(ou,2)|* from a mea-
sured CCD image. As a result, S(26) can be deter-
mined by S(26) o [1(20, 3a.)]?/1(20, o).

This procedure relies on the validity of the reci-
procity theorem in optics. To make sure of the
correctness of Eq.(2), we measured the diffraction
intensity with changing either the incoming or the
outgoing angle as shown in Figs. 4 (a) and (b). In
Fig. 4(a), intensities at ar = a. are plotted as a
function of ¢ for different 26. On the other hand,
Fig. 4(b) shows the intensity profiles along as in a
single CCD image measured at a fixed incoming an-
gle of a; = 0.2°. The two results of Figs. 4(a) and
(b) agree well, indicating that the symmetry with
respect to a; and o in Eq.(2) is true.

4. RESULTS AND DISCUSSION

Figures 5 (a), (b) and (c) show the temporal evo-
lution of S(26) during the growth and annealing of
InAs islands on GaAs(001) at temperatures of (a)
470°C, (b) 446°C and (c) 424°C. In these figures,
20 is transformed to the relative lattice constant
€ = a/acaas, where a and agaas are the lattice con-
stants of relaxed islands and the GaAs substrate,
respectively. The number beside each curve denotes
the time elapsed from the beginning of deposition.
The curves are shifted vertically to avoid superpo-
sition. After deposition of 3 ML InAs, nucleated
islands were annealed at the same temperature and
in the same As flux. Measurements during InAs de-
position and annealing were represented by dashed
and solid lines, respectively.

The evolution of 5(28) exhibits a significant tem-
perature dependence. When InAs was deposited
and annealed at 446°C, a peak developed at ¢ =
1.05 during annealing. If the islands are matching
the substrate, the lattice constant should distribute
continuously from the value close to the substrate
at the bottom of the islands to a fully relaxed value
near the top. Hence we interpret the increase in
intensity only at € = 1.05 as an indication of mis-
fit dislocations. Similar peaks were found in the
growth at 424°C. On the other hand, the peaks in-
dicative of dislocations are indiscernible at 470°C.
This behavior is reminiscent of the temperature
dependence that has been observed in continuous
growth of InAs [19], in which a bimodal lattice con-
stant distribution is observed at 430°C as opposed
to the growth at 480°C.

Figure 6 shows the change in SK dot height dur-
ing annealing. While the height of islands stays con-
stant during annealing at 470°C and 424°C, the is-
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Fig. 4: Comparison of the diffraction intensity at fixed 20 positions with changing incoming and outgoing
angles. The intensity changes in the identical way as functions of the incoming and outgoing angles, indicating
the validity of the reciprocity theorem in optics.
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Fig. 5: Temporal evolution of the lattice constant distribution during growth (dashed lines) and annealing
(solid lines) of InAs/GaAs(001) islands at temperatures of (a) 470°C, (b) 446°C and (c) 424°C.
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Fig. 6: Evolution of height during growth and an-
nealing of InAs/GaAs(001) islands at temperatures
of (a) 470°C, (b) 446°C and (c) 424°C. The depo-
sition of InAs was stopped at 434 s, 432 s and 439
s for (a), (b) and (c), respectively.

lands keep growing at 446°C even after deposition of
InAs was stopped at 432 s. The marked increase in
height at 446°C is due to the formation of dislocated
islands which are easier to coarsen than strained
coherent islands. Strained islands do not tend to
incorporate additional materials at the cost of the
increase in elastic energy. This is why the islands
grown at 470°C keep the initial height during an-
nealing. At 424°C, on the other hand, mass trans-
port through surface diffusion is suppressed. As a
result, coarsening of islands is not significant even
though dislocated islands are being formed over the
course of annealing.

We ascribe the temperature-dependent structural
change of SK islands to the degree of alloying. Re-
cently, it has been revealed that InAs/GaAs(001)
islands are more or less alloyed even if nominally
pure InAs was deposited [8]. In general, alloying
is enhanced at raised temperatures. The prefer-
ence of coherent islands at 470°C suggests that, at
this temperature, the strain energy can be relieved
enough by alloying without invoking dislocations.
In contrast, at such temperatures that alloying is
thermally inhibited, islands are relaxed by generat-
ing dislocations. From our observations, the crit-
ical temperature determining whether dislocations
are involved in strain relief or not seems to lie be-
tween 470°C and 446°C. We would like to discuss
a relationship between this temperature range and
the miscibility of InAs and GaAs. According to
an estimation based on the thermodynamics, there
is a miscibility gap of InAs and GaAs at tempera-
tures below 482-500°C [23,24], which coincides with
the critical temperature estimated in the present
work. If the alloyed film is compressively strained
to match the non-strained substrate, the tempera-
ture at which the miscibility gap is generated has
been shown to become extremely low [25]. It is no
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wonder, however, that the calculation for the bulk
can be applied to the SK islands because most part
of the strain is relieved by forming islands. It should
be noted that the discussion here premises that In
and Ga can be redistributed in the islands during
annealing. Although bulk diffusion is unlikely to oc-
cur at a typical growth temperature, a phenomenon
called Ostwald ripening is known to take place com-
monly in many semiconductor quantum dot sys-
tems [1-4]. In this process, larger islands grow fur-
ther at the expense of smaller islands, and thereby
mass exchange among islands is enabled even when
the bulk diffusion is negligible [26].

5. CONCLUSION

We investigated the strain evolution under MBE
conditions using synchrotron X-ray diffraction. In
situ observation with this technique revealed that
structural change of InAs islands during annealing
is governed by thermally-enhanced alloying.
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